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Interpretation of Fracture Toughness and R-Curve Behavior
by Direct Observation of Microfracture Process in Ti-Based
Dendrite-Containing Amorphous Alloys
CHANGWOO JEON, CHOONGNYUN PAUL KIM, HYOUNG SEOP KIM,
and SUNGHAK LEE
Fracture properties of Ti-based amorphous alloys containing ductile b dendrites were explained
by directly observing microfracture processes. Three Ti-based amorphous alloys were fabricated
by adding Ti, Zr, V, Ni, Al, and Be into a Ti-6Al-4V alloy by a vacuum arc melting method. The
eﬀective sizes of dendrites varied from 63 to 104 lm, while their volume fractions were almost
constant within the range from 74 to 76 pct. The observation of the microfracture of the alloy
containing coarse dendrites revealed that a microcrack initiated at the amorphous matrix of the
notch tip and propagated along the amorphous matrix. In the alloy containing ﬁne dendrites,
the crack propagation was frequently blocked by dendrites, and many deformation bands were
formed near or in front of the propagating crack, thereby resulting in a zig-zag fracture path.
Crack initiation toughness was almost the same at 35 to 36 MPam within error ranges in the
three alloys because it was heavily aﬀected by the stress applied to the specimen at the time of
crack initiation at the crack tip as well as strength levels of the alloys. According to the R-curve
behavior, however, the best overall fracture properties in the alloy containing ﬁne dendrites were
explained by mechanisms of blocking of the crack growth and crack blunting and deformation
band formation at dendrites.
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I. INTRODUCTION
ADVANCES in bulk amorphous alloys have been
remarkably made by developing amorphous alloys with
high glass-forming ability.[1–6] However, there are problems
that remain to be solved, typical one of which is brittle
fracture. When amorphous alloys are externally loaded,
shear bands play an important role in initiating the
fracture, leading to abrupt shear fracture.[7,8] In order to
overcome this problem of brittle fracture, the developmen-
tal activities on composite-type alloys by homogeneously
distributing ductile crystalline particles in an amorphous
matrix have been performed.[9–11] In the recently developed
Zr- and Ti-based amorphous alloys, where ductile den-
drites are formed in situ from the amorphous alloymelt, the
ductility is greatly enhanced by forming a number of
deformation bands at dendrites.[10–15]
According to Hofmann et al.,[12] the tensile strength
and ductility were increased to 1510 MPa and 9.5 pct,
respectively, by increasing the volume fraction of dendrite
to 47 pct in Zr-based amorphous alloys containing more
Ti content (31 to 34 at. pct) than that in a conventional
Zr-based amorphous alloy containing dendrites (i.e., an
‘LM2’ alloy (commercial brand name of the Liquidmetal
Technologies, Lake Forest, CA)). In some Ti-based
amorphous alloys, whose volume fraction of dendrite
was higher than 70 pct, the tensile ductility reached
10 pct.[13] In order to further enhance the tensile ductility,
together with crack initiation and growth toughness, the
size and volume fraction of dendrite should be optimized.
Systematic understanding of the correlation between
microstructure and fracture toughness is also required for
the accurate evaluation of fracture toughness, and mi-
crofracturemechanisms should be veriﬁed in relationwith
microstructure. A simple way for examining microfrac-
ture mechanisms is an observation of fractured surfaces,
which can lead to eﬀectively explaining the crack initia-
tion and growth toughness. Studies on detailed fracture
mechanisms such as direct observation of crack initiation
and propagation processes[16,17] or deformed microstruc-
tures beneath the fractured surfaces[18,19] have also been
conducted. In spite of these eﬀorts, many diﬃculties still
remain to be addressed to correlate microscopic fracture
mechanisms with macroscopic fracture toughness.
In this study, crack initiation toughness of Ti-based
amorphous alloys was measured, and mechanisms
related with improvement of crack initiation and growth
toughness were examined by direct observation of
microfracture processes. Three Ti-based amorphous
alloys containing ductile dendrites were fabricated by
adding alloying elements of Ti, Zr, V, Ni, Al, and Be
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into a conventional Ti-6Al-4V alloy. The Ti-Zr-V-Ni-
Al-Be alloy system is originated from Hofmann et al.,[20]
but our alloy design concept was focused on economic
fabrication of Ti-based amorphous alloys and simulta-
neous improvement of ductility and crack initiation and
growth toughness.[21] Microfracture processes were
directly observed by using an in situ loading stage
installed inside a scanning electron microscope (SEM)
chamber, and microfracture mechanisms were investi-
gated by focusing on how dendrites aﬀect the initiation
and propagation of cracks.[22–25] This experiment
enabled us to examine the crack initiation and propa-
gation behavior occurring at a sharp notch tip and to
study the R-curve behavior in which the fracture
resistance increases with the crack growth.[26,27]
II. EXPERIMENTAL
Three Ti-based amorphous alloys were designed by
adding Ti, Zr, V, Ni, Al, and Be into a Ti-6Al-4V alloy
(composition: Ti-6Al-4V-0.1O-0.02N-0.04C (wt pct)).
They were basically originated from the Ti-Zr-V-Ni-Al-
Be system of Hofmann et al.,[20] but the content of Al was
somewhat higher than the original Ti-Zr-V-Ni-Al-Be
system because of the utilization of commercial Ti-6Al-
4V alloy. The weight percent of the Ti-6Al-4V alloy was
18 pct (20 at. pct), and the amounts of addition of Ti, Zr,
V, Ni, Al, and Be into the Ti-6Al-4V alloy were varied to
achieve the overall chemical compositions as shown in
Table I. Dendrites of b phase (bcc structure) are well
formed when the amount of (Ti+Zr) exceeds 70 at.
pct,[14,15] and V and Al generally work as stabilizers of b
and a phases, respectively, in Ti alloys.[28] The amount of
V is relatively high to obtain suﬃcient dendrites of b
phase in the current alloy system.[15,29] Ni and Be are
known to improve the amorphous-forming ability.[13–15]
The D1 alloy has the basic composition of the Ti-Zr-V-
Ni-Al-Be alloy, and the D2 and D3 alloys have the
smaller amounts of Al and Be than that of the D1 alloy.
The alloys were fabricated by a vacuum arc melting
method under an argon atmosphere, held at temperatures
ranging from 1073 K to 1173 K (800 C to 900 C) for
30 minutes, and quenched to room temperature.
The alloys were polished in diamond pastes (size:
0.25 lm), etched by a solution of 40 mL HF, 20 mL
HNO3, 40 mL HCl, and 200 mL H20, and observed on an
SEM (model; JSM-6330F, Jeol, Japan). The average size
and volume fraction of dendrites were measured by an
image analyzer. Overall bulk hardness of the alloys and
microhardness of dendrite were measured by a Vickers
hardness tester under 500 and 5 g loads, respectively.
Electron backscatter diﬀraction (EBSD) analysis (step size;
0.1 lm)was conductedby aﬁeld emission scanning electron
microscope (FE-SEM,model;HeliosNanolab, FEI). The
data were then interpreted by orientation imaging micro-
scopy (OIM) analysis software provided by TexSEM
Laboratories, Inc. The alloys were machined into plate-
type tensile specimens of 1 9 2.5 9 6.4 mm in the gage
section size, and room-temperature tensile tests were con-
ducted on these specimens at a strain rate of 5.2 9 104 s1
by a universal testing machine (model; 8862, Instron Corp.,
Canton, MA) with capacity of 10,000 kg.
A tension-type loading stage was installed inside an
SEM, on which a thin compact tension (CT) specimen
with a thickness of 0.5 mm in the grooved section
was placed to conduct the in situ SEM fracture tests
(Figures 1(a) and (b)).[30] According to Lewandowski
et al.,[31] the fracture toughness increased with the
increasing notch root radius, and the eﬀects of notch
root radius were larger in bulk amorphous alloys than
those in crystalline materials. In addition, the eﬀects of
notch root radius in Zr-based bulk amorphous alloys
were working even at very small notch root radius of
20 lm.[32] Considering this notch root radius sensitivity, a
sharp notch of 20 lm or smaller in root radius should be
introduced into the CT specimen, but a sharp notch with
a radius ranging from about 30 to 40 lm was inserted by
an electric discharge machine, considering the diﬃculty
to introduce a fatigue crack due to the brittle nature of the
amorphous alloys. The load applied to the specimen was
continuously measured by a small-scale load cell (max-
imum load; 50 kg) installed in the stage, andwas recorded
on an X–Y recorder to obtain the load–time curve, from
which the maximum load, Pmax, was determined as PQ.
Here, Pmax could be used as PQ in brittle materials.
[33]
During observation of the specimen surface displayed on
an SEM screen, a crack initiated and propagated from the
notch tip above a certain stress intensity factor level.
These tests were conducted on three CT specimens for
each alloy, and a specimen showing typical deformation
and fracture behavior was selected for direct observation
of microprocess and R-curve analysis.
III. RESULTS
A. Microstructure and Tensile Properties
Figures 2(a) through (c) are SEM micrographs of
the D1, D2, and D3 alloys. Dendritic structures are
Table I. Chemical Compositions of the Ti-Based Amorphous Alloys Modiﬁed from a Ti-6Al-4V Alloy[21] (Weight Percent)
Alloy Ti-6Al-4V Ti Zr V Ni Al Be
D1 18 37.1 29.9 9 3.5 0.5 2
* 53.7 29.9 9.8 3.5 1.1 2
D2 18 37.4 30 9 3.5 0.3 1.8
* 53.9 30 9.9 3.5 0.9 1.8
D3 18 37.7 30.2 9 3.5 0.1 1.5
* 54.1 30.2 10 3.5 0.75 1.5
*Overall chemical compositions of the Ti-based amorphous alloys.
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homogeneously distributed in the amorphous matrix.
These structures were developed as b phases precipitated
directly from the melt.[21] The average volume fraction
and size have similar values in the ranges from 74 to
76 pct and 24 to 28 lm, respectively, in the three alloys,
although they tend to slightly increase in the order of the
D1, D2, and D3 alloys since the contents of Al and Be
decrease.[21] Figures 3(a) through (c) show the EBSD
analysis results of the alloys. Inverse pole ﬁgure (IPF)
color maps can be represented in diﬀerent colors,
depending on the orientation of each point. In other
words, dendrites having the same orientation are repre-
sented in the same color. For this reason, the size of
dendrites having the same color which are measured by
IPF color maps can be considered eﬀective size of
dendrites. The sizes of dendrites shown in Figures 2(a)
through (c) are estimated to be roughly 24 to 28 lm, but
the actual eﬀective sizes shown in Figures 3(a) through
(c) are much larger because dendrites having similar or the
same orientations are three-dimensionally interconnected.
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Fig. 1—(a) Schematic diagram showing a compact tension (CT)-type loading stage used for in situ SEM observation, which was inserted into a
vacuum chamber of an SEM. (b) Shape and dimensions of a thin CT specimen with a sharp notch.[30] (unit: mm).
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The eﬀective dendrite sizes measured from the IPF maps
are 104, 81, and 63 lm for the D1, D2, and D3 alloys,
respectively.[21]
Table II shows the Vickers hardness test results of the
three alloys. The overall bulk hardness decreases in the
order of the D1, D2, and D3 alloy. This hardness trend is
associated with the hardness of dendrite, which is the
lowest in the D3 alloy. The room-temperature tensile test
results are shown in Table II.[21] The yield, and the tensile
strengths and the elongation of the D1 alloy are
1394 MPa, 1485 MPa, and 3.2 pct, respectively, and the
D2 alloy has the higher yield and tensile strengths and
elongation than the D1 alloy. The D3 alloy has the lower
strengths and the higher elongation than those of the D2
alloy. The yield and tensile strengths do not vary much
with values in the ranges of 1390 to 1440 and 1490 to
1510 MPa, respectively, but the tensile elongation clearly
increases in the order of the D1, D2, and D3 alloys.
B. Observation of Microfracture Processes
Figures 4(a) through (d) provide the SEM micro-
graphs serially showing the fracture processes of the D1
alloy containing coarse dendrites. When a load is
applied (stress intensity factor, KI = 36 MPam), a
microcrack initiates at the amorphous matrix of the
notch tip as marked by an arrow in Figure 4(a). Under a
high stress intensity factor (KI = 37 MPam), the
microcrack propagates a little further along the amor-
phous matrix (Figure 4(b)). Deformation bands are not
found even at dendrites. When the stress intensity factor
increases further, the crack initiated at the notch tip
and abruptly propagated through the CT specimen.
Figure 4(c) shows a ﬁnal crack propagation path along
which the main crack propagates relatively linearly as
indicated by arrows. At the tip region of the propagated
crack, open crack regions are formed in the amorphous
matrix areas, and dendrites are deformed between the
open crack regions (Figure 4(d)).
Figures 5(a) through (c) provide a series of SEM
micrographs showing the fracture processes near a notch
tip of the D2 alloy. When the load is applied to the D2
alloy (KI = 36 MPam), a microcrack initiates at the
notch tip (Figure 5(a)). When the load increases
(KI = 38 MPam), the microcrack propagates mostly
along the amorphous matrix at the notch tip to form
a longer crack, while dendrites are not deformed
(Figure 5(b)). The crack propagates and then stops to
be somewhat blunted when the crack meets with a
dendrite as marked by an arrow. Under the higher stress
intensity factor of 41 MPam, the stopped crack starts to
rapidly propagate through the CT specimen (Figure 5(c)).
The overall crack propagation path has a linear pattern
with some ﬂuctuation.
Figures 6(a) through (e) show the fracture processes
of the D3 alloy containing small eﬀective dendrites of
63 lm in size. Once the load is applied (KI = 35
MPam), deformation bands are formed at dendrites
near the notch tip as marked by arrows in Figure 6(a).
When the stress intensity factor increases to 38 MPam, a
crack initiates along the amorphous matrix (as indicated
by a dotted line in Figure 6(a)) in front of the notch tip
(Figure 6(b)). The crack stops to propagate at a dendrite
(as marked by an arrow), and deformation bands are well
developed in front of the crack tip. Deformation band
areas are also expanded to dendrites, which are far away
from the notch tip. When the stress intensity factor
increases to 43 MPam, the crack connectswith the notch
tip, propagates further, and stops when it meets with
another dendrite (Figure 6(c)). Another crack is initiated
in front of the propagated main crack (as marked by an
arrow). This crack is connectedwith themain crack under
the higher stress intensity factor of 45 MPam to make a
zig-zag fracture path. The crack propagation path is
shown in Figure 6(d) (KI = 45 MPam). The overall
40 μm
D3(c)
40 μm
D2(b)
40 μm
D1(a)
Amorphous Matrix
β Dendrite
Amorphous Matrix
β Dendrite
Amorphous Matrix
β Dendrite
Fig. 2—SEM micrographs of the (a) D1, (b) D2, and (c) D3 alloys.
Ductile dendrites are distributed in the amorphous matrix. The aver-
age volume fraction and size are similar at 74 to 76 pct and 24 to
28 lm, respectively, in the three alloys.
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crack propagation path has a curved zig-zag pattern.
Figure 6(e) shows an SEM micrograph of the deformed
area adjacent to the main crack tip. A number of
deformation bands are well developed at dendrites, while
multiple shear bands are formed at the amorphousmatrix
areas.
C. Crack Initiation Toughness and R-Curve Behavior
The crack initiation toughness was measured during
the course of the in situ fracture test. Because a sharp
notch (notch tip radius: about 30 to 40 lm) was
introduced instead of a fatigue crack, and because thin
CT specimens were used in measuring the fracture
toughness, toughness values do not satisfy the plane
strain condition. In brittle materials like amorphous
alloys, however, the fracture toughness measured under
the plane stress condition does not deviate much from
that measured under the plane strain condition.[33] The
crack initiation toughness is obtained from the stress
intensity factor measured at the point of the crack
initiation in front of the notch tip. The values obtained
20 μm
D1(a)
20 μm
D2(b)
20 μm
D3(c)
Fig. 3—Inverse pole ﬁgure (IPF) color maps of the (a) D1, (b) D2, and (c) D3 alloys. The eﬀective dendrite sizes measured from the IPF maps
are 104, 81, and 63 lm for the D1, D2, and D3 alloys, respectively (Color ﬁgure online).
Table II. Hardness and Tensile Test Results of the Ti-Based Amorphous Alloys[21]
Alloy
Overall
Bulk Hardness (VHN)
Hardness of
Dendrite (VHN)
Yield
Strength (MPa)
Ultimate Tensile
Strength (MPa) Elongation (pct)
D1 395 ± 10 342 ± 10 1394 ± 70 1485 ± 78 3.2 ± 0.8
D2 374 ± 13 343 ± 10 1443 ± 42 1511 ± 56 5.2 ± 0.2
D3 364 ± 9 331 ± 7 1409 ± 32 1498 ± 15 7.1 ± 0.6
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are 36, 36, and 35 MPam in the D1, D2, and D3 alloys,
respectively, which indicates that the crack initiation
toughness values are almost the same in the three alloys
within error ranges. These crack initiation toughness
values are lower than those of versions of these alloys
without Al (KIC: about 43 MPam).[20] This might be
because the higher Al content makes the current alloys
somewhat more brittle.
Figure 7 shows R-curves of the D1, D2, and D3 alloys
obtained by plotting both crack growth length and stress
intensity factor measured during the in situ fracture test.
Since the crack is relatively abruptly grown to fracture
in the D1 alloy, the R-curve of the D1 alloy can be
drawn up to the crack growth of about 0.1 mm. The
stress intensity factor at the time of crack initiation, i.e.,
crack initiation toughness, of the D2 alloy is 36 MPam,
but steadily increases up to 41 MPam with the increas-
ing crack length, which shows the R-curve behavior. The
D3 alloy shows a more stable crack growth as shown in
Figures 6(b) through (d) than those of the D1 and D2
alloys, which indicates the higher resistance to crack
growth. This increase in resistance to crack growth is
attributed to the continuous deformation at the crack
tip region as dendrites block the crack propagation and
accelerate the formation of deformation bands.
20 µm
Notch 
Tip
Microcrack Initiation
Amorphous Matrix
Ductile β Dendrite
mMPa36D1
20 µm
Notch 
Tip Microcrack Propagation
mMPa37D1
(a)
(b)
250 μm
D1
20 μm
(c)
(d)
Open Crack Region
Deformed Dendrite
mMPa38D1
Fig. 4—A series of SEM micrographs near a notch tip of the D1
alloy containing coarse dendrites, showing (a) microcrack initiation
at the amorphous matrix of the notch tip (KI = 36 MPam), (b)
microcrack propagation along the amorphous matrix (KI = 37
MPam), (c) ﬁnal crack propagation path (KI = 38 MPam), and
(d) formation of microvoids and deformation bands at dendrites
between the microvoids at the tip region of the propagated crack.
mMPa36D2
Notch 
Tip
Microcrack Initiation
(a)
m38MPaD2
Notch 
Tip
Crack Stop and Blunting
(b)
Microcrack Propagation
15 µm
200 µm 
(c) mMPa41D2
Fig. 5—A series of SEM micrographs near a notch tip of the D2
alloy, showing (a) microcrack initiation at the amorphous matrix
of the notch tip (KI = 36 MPam), (b) microcrack propagation
along the amorphous matrix and stop of crack propagation at
dendrites (KI = 38 MPam), and (c) ﬁnal crack propagation path
(KI = 41 MPam).
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IV. DISCUSSION
The current Ti-based amorphous alloys were fabri-
cated by in situ formation of ductile dendrites for the
improvement purpose of ductility and crack initiation
and growth toughness.[12–15] As shown in Table II, the
tensile elongation increases in the order of the D1, D2,
and D3 alloys, whereas the yield and tensile strengths do
not vary much. In addition, the three alloys show the
diﬀerent R-curve behaviors in spite of the same crack
initiation toughness. In order to explain these results, it
is necessary to study the eﬀects of dendrites dispersed in
the amorphous matrix on overall fracture properties.
It was conﬁrmed from our previous paper[21] that
tensile properties varied with the eﬀective dendrite size.
As the eﬀective dendrite size decreases, a number of
deformation bands and shear bands are formed along
various directions, which prevents the stress concentra-
tion and consequently improves the ductility. This
formation behavior of deformation bands and shear
bands also appears in the current microfracture mech-
anism study. In the D3 alloy composed of smaller
eﬀective dendrites, the crack propagation path of
Figure 6(d) shows frequent interruptions in the cracks
due to the presence of dendrites, and deformation bands
are well developed at dendrites in front of the blunted
crack tip (Figure 6(e)). Multiple shear bands are
also formed in amorphous matrix areas, as adjacent
20 μm
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Tip
mMPa38D3
Notch 
Tip
20 μm
Deformation Band
Amorphous Matrix
β Dendrite
Crack Stop & Blunting
Deformation Band
Deformation Band
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Notch 
Tip
50 μm
(c) Crack Stop & Blunting
Another Crack
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Crack Propagation Path
(d) mMPa45D3
10 μm
D3(e)
Deformation Band
Shear Band
Fig. 6—A series of SEM micrographs near a notch tip of the D3 al-
loy containing ﬁne dendrites, showing (a) formation of deformation
bands at dendrites near the notch tip (KI = 35 MPam); (b) crack
initiation along the amorphous matrix in front of the notch tip, stop
of crack propagation at dendrites, and development of deformation
bands in front of the crack tip (KI = 38 MPam); (c) crack connec-
tion with the notch tip and crack propagation and stop at another
dendrite (KI = 43 MPam); (d) ﬁnal crack propagation path
(KI = 45 MPam); and (e) formation of deformation bands at den-
drites and multiple shear bands at the amorphous matrix at the tip
region of the propagated crack.
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dendrites are deformed and connected with the amor-
phous matrix. Here, dendrites interrupt the crack prop-
agation, act as initiation sites of multiple shear bands,
and promote the crack blunting or branching, while they
are suﬃciently deformed by forming deformation bands.
The D3 alloy shows a stable crack growth as shown in
Figures 6(b) and (c), which indicates the high resistance
to crack growth. As shown in the R-curve of Figure 7,
the stress intensity factor at the time of crack initiation
of the D3 alloy is the same as that of the D1 or D2 alloy,
but steadily increases with the increasing crack length,
ﬁnally reaching 45 MPam and showing the typical
R-curve behavior. As a result of the occurrence of crack
blunting or branching at the blocked sites of the crack,
the higher stress intensity factor is required for the
further crack propagation. The oval-shaped region in
Figure 7 indicates the region of abrupt increase in stress
intensity factor, which conﬁrms that the crack blunting
and branching are closely related with the abrupt
increase in stress intensity factor. This R-curve shows
the increasing resistance to crack growth according to
the presence of dendrites. When considering the crack
initiation and growth toughness and crack propagation
behavior simultaneously, overall fracture properties of
the D3 alloy are the best among the three alloys,
although the crack initiation toughness values are
similar because of their similar yield and tensile
strengths. The ductility is also improved by the plastic
deformation due to the formation of deformation bands
(Table II).
Since the in situ fracture test is a good method to
directly observe the eﬀects ofmicrostructural factors such
as ductile dendrites and amorphous matrix on micro-
fracture behavior, it can be eﬀectively used to analyze the
deformation and fracture behavior of Ti-based amor-
phous alloys. The current study conﬁrms excellent
fracture properties of the D3 alloy over the D1 or D2
alloy according to the observation of the microfracture,
the R-curve behavior, and the fractographic observation,
although the measured crack initiation toughness is
almost the same in the three alloys. The improved
resistance to crack growth is explained by the presence
of ductile dendrites in terms of the mechanisms of (1)
blocking of crack growth and crack blunting, (2) defor-
mation band formation at dendrites, and (3) transition of
fracture mode. Particularly in the D3 alloy, the wide and
homogeneous formation of deformation bands at den-
drites is observed because of the optimal size (63 lm) of
dendrites, which oﬀers the favorable feasibility in appli-
cations where amorphous alloys are required to possess
excellent fracture properties.
V. CONCLUSIONS
Fracture properties of Ti-based amorphous alloys
containing ductile b dendrites were evaluated, and the
results were explained in relation to the direct observa-
tion of microfracture process.
1. The three Ti-based amorphous alloys modiﬁed from
a Ti-6Al-4V alloy contained dendrites from 74 to
76 of vol pct, eﬀective sizes of which varied from 63
to 104 lm. Their yield and tensile strengths were
similar within the ranges from 1390 to 1440 and
1490 to 1510 MPa, respectively, and the tensile
elongation increased in the order of the D1, D2,
and D3 alloys to reach 7.1 pct in the D3 alloy.
2. According to the observation of microfracture pro-
cesses of the D1 alloy containing coarse dendrites, a
microcrack initiated at the amorphous matrix of the
notch tip and propagated along the amorphous ma-
trix, which led to abrupt crack growth and ﬁnal
fracture. In the D3 alloy containing ﬁne dendrites,
deformation bands initiated at dendrites near the
notch tip, while a crack initiated along the amor-
phous matrix. The crack growth was frequently
blocked by dendrites, and many deformation bands
were formed near or in front of the propagating
crack, thereby resulting in a zig-zag fracture path.
3. Since the crack initiation toughness measured from
the in situ fracture test was heavily affected by the
stress applied to the specimen at the time of crack
initiation at the crack tip, the crack initiation
toughness values were almost the same within the
range from 35 to 36 MPam within error ranges.
However, according to the R-curve analysis data,
the improvement of overall fracture properties in
the D3 alloy was explained by the optimal effective
size of dendrites in terms of mechanisms of block-
ing of crack growth and crack blunting, and forma-
tion of deformation bands at dendrites.
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